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Selective area growth and characterization of InGaN nanocolumns for phosphor-free white light emission S. Albert, 1,a) A. Bengoechea-Encabo, 1,a) M. A. Sanchez-Garcia, 1 E. Calleja, 1 and U. Jahn
I. INTRODUCTION
Group III-nitride semiconductors are widely used in optoelectronic devices. In particular, InGaN alloys are the active materials in light emitting diodes (LEDs) working in the whole visible spectrum. [1] [2] [3] So far most studies focused on InGaN quantum well (QW) structures because of their high oscillator strength. Their efficiency is limited by: (i) quantum confined Stark effect due to spontaneous and piezoelectric polarization, and (ii) high defect densities due to lattice mismatch between GaN and InGaN alloys. However, dislocation-and strain-free quasi one-dimensional III-nitrides can be grown on a variety of substrates, even amorphous SiO 2 , 4-8 as nanocolumns (NCs) .
LEDs based on self-assembled NCs with InGaN/GaN Quantum disks (QDs) always show polychromatic emission that derives from an inhomogeneous distribution of In% (axial and radial strain variations); geometry dispersion (changes in NCs diameter affect the axial growth rate); and the inherent tendency of InGaN alloys to develop composition fluctuations. 9, 10 Polychromatic emission is detrimental for monochromatic emission, but it helps to generate broad emission (white light). However, the efficiency and reliability of LEDs based on self-assembled NCs are hindered by a strong dispersion of electrical characteristics among individual nanoLEDs.
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During the last years, selective area growth (SAG) of GaN NCs [12] [13] [14] [15] has proven to achieve highly ordered and homogeneous arrays of NCs. In this work, ordered InGaN NCs arrays emitting in the red, green, and blue spectral range have been grown by plasma-assisted molecular-beam epitaxy (PAMBE). Further, InGaN/GaN nanocolumnar heterostructures with composition-graded InGaN active regions and emitting white light have been fabricated.
II. EXPEIMENTAL DETAILS
The PAMBE system was equipped with a rf-plasma source providing active nitrogen and standard Knudsen cells for Ga and In. All samples were grown using nanohole titanium masks fabricated by colloidal lithography on commercial (0001) GaN templates grown on sapphire (Lumilog). Nanohole diameter and pitch (distance between centers of most-close nanoholes) are around 190 nm and 270 nm, respectively. Details on the mask preparation can be found elsewhere. 16 After a standard cleaning with organics, the substrates were out gassed for 30 min at 300 C. Ti masks were nitridated, at 460 C and 900 C, in order to prevent their degradation at the high temperatures needed for ordered GaN growth. Impinging molecular fluxes were calibrated in (0001) GaN (for Ga and N) and (0001) InN (for In) growth rate units (nm/min). 17 In wurtzite GaN and InN, the areal densities referring to 1 monolayer (ML) are 1. In all samples, 600 nm high GaN NCs were first grown following a two step process: (i) 1 h growth of GaN NCs at 880 C with a Ga-flux (U Ga ) of 16 nm/min and a N-flux (U N ) of 5 nm/min (growth rate of 3 nm/min) to promote selectivity, 15 (ii) 1 h growth of GaN NCs at 840 C with U Ga ¼ 8 nm/ min and U N ¼ 14 nm/min to increase the growth rate up to 7 nm/min while preserving selectivity. The second step at lower temperature and III/V ratio allows to reduce the Ga consumption and increase the growth rate to achieve NCs high enough (600 nm) to prevent nucleation on the mask while growing InGaN at lower temperatures (shadowing effect).
A first set of InGaN/GaN NCs samples T1 to T4 (series A) was grown to optimize specific conditions (temperature, III/V, In/Ga ratios) to obtain efficient emission in the blue, green, and red spectral range. The InGaN region was grown for 1 h under the conditions described in Table I . Once determined the specific conditions, a second set of InGaN/GaN NCs samples T5 and T6 (series B) was grown aiming white light emission. For this purpose, a composition-graded InGaN region was grown for 1 h by grading the growth temperature from 725
C to 625 C as described in Table I . In Figure 1 shows cross-sectional SEM images of series A samples (T1 to T4), with the insets referring to the top SEM view of the respective sample. The top morphologies range from a six-fold pyramid (sample T1) to flat hexagons (samples T3 and T4). Considering the height of the GaN NC (600 nm), the growth rates of the InGaN region in InGaN/GaN samples were directly estimated from SEM data in Figure 1 , being 2, 4, and 2.2 nm/min for T1, T2, and T3, respectively. These results indicate a growth rate increase from 750 C to 700 C followed by a decrease from 700 C to 650 C. This behavior is interpreted in terms of a higher In availability from 750
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C to 700 C due to a reduced In desorption rate, 19 while from 700 C to 650 C, in addition to a further decrease of In desorption, a significant reduction of the Ga-atoms diffusion length along the NC sidewalls occurs, leading to a shortage in Ga supply to the NC top side and a subsequent reduction of the InGaN growth rate. This implies that the shortage of Ga supply most likely dominate over the lower In desorption rate in the 700 C to 650 C range. Aside from the effects on growth rate, both mechanisms (lower In desorption and Ga shortage) would determine a strong increase of the In% upon reduction of the growth temperature, as it will be shown later by PL measurements.
The InGaN growth rate in sample T4 (3.8 nm/min) is 1.6 nm/min higher than that of T3 grown at the same temperature (650 C). Although the total amount of group III atoms supplied in sample T4 is lower than in sample T3 (around 8% less), it was grown with a higher In/Ga ratio and higher nitrogen flux that enhances the probability of In incorporation, compared to sample T3. Thus, both a higher growth rate and In% is expected in sample T4. PL spectra of samples T1 to T4 are shown in Figure 2(a) . The PL spectrum of sample T1 shows the characteristic strain-free GaN D 0 X line at 3.47 eV with full width half maximum (FWHM) of 6 meV and the absence of any InGaNrelated peak. This is not surprising considering that 750 C is too high to allow for any measurable In incorporation. PL spectra from samples T2 to T3 show a red-shift as the growth temperature decreases, corresponding to an increase of In%. Sample T4, as it was expected, shows a further increase of the In content (PL peak at 2.04 eV) due to a higher In/Ga ratio and N amount. The In content estimated from the PL peak position 20 is $18% for T2, $30% for T3, and 38% for T4. It is worth to mention that the FWHM values of the InGaN PL peaks in Figure 2 (a) show no trend with In content (123 meV for T2; 132 meV for T3; and 99 meV for T4) being all of them significantly lower than those corresponding to self-assembled InGaN/GaN NCs reported before. 21 Figure 2(b) shows the LT-CL spectra of a single NC in sample T4. The observed spectral features are likely due to variations of the In% and/or strain in each NC. Spatially resolved CL measurements performed in the same NC from sample T4 (Figure 2(c) ) show a red shift when moving towards the NC top pointing to an axial increase of the In composition. This behavior is expected to be present in all samples T2, T3, and T4, as indicated by the high energy broad PL shoulder observed in Figure 2(a) .
Changes of In composition may be mainly due to a combination of two mechanisms: (i) InN decomposition at growth temperatures between 650 C and 700 C plays a significant role leading to partial decomposition of the InGaN NC section, which in turn will supply more In to the growth front yielding a higher In composition towards the top, and (ii) lattice pulling effects due to the strain generated when growing the InGaN region. 22 This effect consists in a lower In incorporation in regions with high strain. At the InGaN/ GaN interface, the lattice mismatch is maximum so that In% nearby must be rather small. 23 Once the InGaN region keeps growing, the onset of strain relaxation would allow a higher In incorporation. The CL emission peak at 2.85 eV (Figure  2(b) ) seemingly originating from the InGaN/GaN interface region (Figure 2(c) ) is backing up the previous picture of a low In incorporation until the onset of strain relaxation occurs above a certain critical thickness. This behavior has been observed as well and described in detail for selfassembled InGaN/GaN NCs where the In composition was measured by low-loss EELS techniques. 24 Finally, it is worth to mention that shadowing effects due to a NC diameter increase during the InGaN growth may cause a diffusivity reduction of the Ga atoms climbing the InGaN NCs sidewalls, so adding to a higher In composition at the NCs top. Figure 2(b) ).
The negative temperature gradient leads to an increasing In content towards the NC apex caused by: (i) a reduced In desorption and InN decomposition, and (ii) a reduction of the Ga-atoms diffusion length along the NC sidewalls leading to an effective Ga shortage (higher effective In/Ga ratio) at the growth front (NC apex). In addition, lattice pulling effects that were present in nominally composition fixed InGaN regions are expected to be present here as well.
RT-PL intensity from sample T5 shows a significant quenching, particularly strong for the medium-high energy range of the spectrum (Figure 3(a) ) that yields a greenishyellow emission. This behavior, reported before in self assembled InGaN/GaN NCs, 21, 25 was attributed to carrier diffusion to higher In% regions (higher localization) upon thermal excitation. In order to check this effect, several thin GaN barriers were incorporated in sample T6 during the InGaN growth (at 700 C, 675 C, and 650 C) aiming to block or minimize carrier diffusion. Figure 3(b) shows a broad LT-PL spectrum (FWHM of 0.34 eV) peaking at 2.4 eV, similar to that observed in sample T5. However, the RT-PL spectrum, though still showing a significant intensity quenching at high energies, retains emission peaks at 1.95 eV, 2.16 eV, and 2.5 eV, leading to yellow-white emission (inset in Figure 3(b) ). The RT-PL emission improvement is likely due to the specific structure of this sample that includes thin GaN barriers within the active InGaN graded region. Together with a reduced intensity quenching, sample T6 also shows improved internal quantum efficiency (IQE) estimated from PL integrated intensity (from 1.7 eV to 3.3 eV) ratio at 12 K and RT, being 4.7% for sample T5 and 7.8% for sample T6.
IV. CONCLUSION
In summary, ordered InGaN/GaN NCs were successfully grown by PAMBE on GaN/sapphire templates. The control of In incorporation by means of growth temperature, In/Ga ratio, and III/V ratio allowed the fabrication of blue, green, and red light emitters. Indium distribution in nominally composition fixed InGaN/GaN NCs is explained in terms of thermal InN decomposition, lattice pulling effects, and shadowing effects. Structures including composition graded InGaN active regions showed white light emission. Thermal quenching of the PL intensity in graded samples, likely due to carrier diffusion to higher In% regions, is significantly reduced by insertion of thin GaN barriers. Optimized nanostructure design produces yellow-white emission at RT. 
